Ship added resistance is a steady force of the second order which depends on the ship motions and wave diffraction in short waves. To predict the impact of liquid motions inside the ship hull, a flooded tank in the midship area is generated and the ship response to regular waves is calculated. Currently available mathematical models and numerical tools are used to enable new insights into the sloshing effects of a relatively large free surface of flooded water inside the ship hull. The liquid inside the tank is first considered as a solid body in order to make a distinction between the hydrostatic and the hydrodynamic effect on global ship motions. Source formulation panel method is used and wave loads acting on the ship hull are determined using the near-field formulation. Based on the potential flow theory, the influence of sloshing on the ship motions and added resistance is evaluated to get an insight into this complex hydrodynamic problem. The calculated results are compared with the available experimental data from the literature.
Introduction
When sailing in waves, a ship is exposed to different forces due to wind, waves, currents and speed of the vessel itself. It is of major importance to evaluate the ship response to waves and loads acting on the hull, particularly at sea states characterized by high waves, not only from the economic aspect but also from the environmental one [1] . The main cause of unintentional decrease in the speed of the ship is probably the added resistance in waves as it is one of the major factors that affect the ship operability [2] . Therefore, it is very important to precisely predict the ship added resistance in the actual seaway since it greatly affects the selection of the ship engine and propulsion system and has an influence on the sustainable service speed and fuel consumption [3] . Since energy saving and emission reduction are of great concern nowadays, it is also important to consider the ship response to waves when designing a ship. Due to the ship added resistance in waves, the power and the fuel Ivana Martić, Nastia Degiuli Evaluation of added resistance and motions of a ship Ivan Ćatipović coupled with sloshing using potential flow theory 110 consumption of the ship can increase by up to 85% in comparison to sailing in calm water [4] . A wave force that acts transversely in the horizontal ship plane and causes the vessel to drift away from its main course is called the drift force [5] . It is not a steady force, but it may include slowly varying components whose frequencies can be close to eigen-frequency [6] . The largest contribution to added resistance and drift loads comes from the incoming waves. However, the ship forward speed also increases the drift loads considerably. A significant deviation of calculated results from the available experimental results and a limited accuracy of added resistance are generally noted when forward speed is present, especially at short wavelengths [7] . This phenomenon may be caused by the hydrodynamic nonlinear effect in the wave diffraction. When the ship forward speed exists, the wave diffraction and nonlinear effects are magnified, so larger differences can be noted between the calculated added resistance and that obtained in experimental results, especially in short waves [8] . The accuracy of the added resistance calculation depends on the accuracy of the ship motion prediction [9] . Numerous methods, based on the linear potential flow theory, boundary elements, and/or the Green function, imply a large number of simplifications. Assuming small wave amplitudes and using the linear theory, it is possible to consider the wave characteristics and the response to waves to be harmonic. In that case, the complicated hydrodynamic problem of interaction between waves and the ship can be solved in the frequency domain [6] .
Using the hydrodynamic software HydroSTAR [10] , the ship response to regular waves is calculated for different wave headings in a range of wavelength-to-ship length ratios. The purpose of the study is to gain an insight as to how a relatively large free surface of flooded water inside the ship hull influences the motions and added resistance of the ship. Currently available mathematical models and numerical tools are used to enable new insights into sloshing effects of a relatively large free surface. The free surface dimensions express the flooded water surface in several cargo tanks. To distinguish between the influences of the hydrodynamic effect of liquid motions on global ship motions and of the hydrostatic effect, the liquid inside the tank was first treated as a solid body with the sloshing effect excluded. This study is based on the linear potential flow theory and the 3-D panel method. Loads acting on the ship hull are obtained by solving the boundary integral equations while the second-order wave loads can be obtained using three different formulations, i.e. the near-field, the middle-field and the far-field formulation. It is considered that in short waves (λ/L<0.5) significant nonlinear effects occur in added resistance calculations. The fact is that incoming short waves mostly reflect in the bow area of the ship, thus causing the main part of the added resistance [2] . Since the results obtained using the method of direct pressure integration along the hull wetted surface are in good agreement with experimental results [11, 12] , the nearfield formulation is used. The far-field method based on the conservation of momentum is considered to be simpler because there is no need to solve the complete boundary value problem. On the other hand, this method has limitations in treating a proper control surface [2] . Although it is assumed that all methods lead to the same numerical solution in hydrodynamic calculations, in practice it is not the case [13] . The added resistance and drift loads are calculated as the mean values of the second-order wave loading at different frequencies of incoming waves by means of the quadratic transfer function (QTF). Tank in the midship area is partially flooded in order to evaluate the influence of the liquid inside the ship hull on global ship motions and drift loads. Due to the coupling of motions of the ship and the liquid inside the ship tank, significant nonlinearity can occur in a particular frequency range. Despite that, the influence of sloshing is often linearized in the ship motion analysis.
Motion calculations
In order to calculate the added resistance in waves, an accurate prediction of ship motions is required. The fluid flow around the ship hull is often simulated using the linear where k is the wave number, n is the unit surface normal of boundary element, and n v is the collocation point velocity.
The boundary condition on the radiation waves is formulated with respect to the Sommerfeld condition [15] :
In this paper, all calculations are done using the linear potential flow theory in the frequency domain based on the Laplace equation and satisfying the necessary boundary conditions. The panel method using boundary integral equations is used assuming that there is a small forward speed of the ship. The considered range of λ/L is 0.3-2.0. Experimental results that are available for the S-175 container ship are used for the calculation and comparison purposes.
In order to compare the results obtained using the hydrodynamic software HydroSTAR with the available experimental results from the literature, an S-175 container ship hull model and data were used for the calculations of motions and added resistance. The software used for the calculations is based on the linear potential flow theory; it enables the determination of the first and second order motions and loads in a frequency domain based on the hull panels and input parameters of wave characteristics. The software uses the panel method based on boundary integral equations when calculating the seakeeping and sloshing and provides the determination of the diffraction and radiation potentials. The size and shape of distributed panels affect the accuracy of calculations. The panels should be concentrated in the areas where the ship shape changes significantly [16] . The panel method is based on a form of the Green theorem where the velocity potential of the fluid at any point is represented by the surface distribution of singularities over the boundary surfaces [17] . Thus, integral equations should be solved for the strength of unknown sources. If the potential is represented by a source (of unknown strength), the formulation is called the "source formulation". The surface of the body is approximated by a large number of small quadrilateral panels and the source strength/dipole moment is considered to be constant on each panel. The pressure determined from the potential on each panel is integrated in order to obtain required forces and moments. To simulate the energy dissipation that normally occurs due to viscous damping of ship motions and to eliminate extreme responses at resonant frequencies, a fictitious force is introduced in the momentum equations. The ship forward speed is taken into account by the encounter frequency approximation that is implemented in the software HydroSTAR based on Ivana Martić, Nastia Degiuli Evaluation of added resistance and motions of a ship Ivan Ćatipović coupled with sloshing using potential flow theory 112 the Green function that represents the field velocity potential at the field point ( , , ) P x y z created by a source of unit density located at the singular point ( ', ', ') Q x y z :
where H represents the ship hull and F I the free surface integral. It is possible to transform the free surface integral into a line integral for the wave radiation and diffraction around a ship that moves at a uniform speed. On the other hand, the free surface integral equals zero in most cases when the forward speed is not present [18] . The free surface Green function is usually represented by the sum of one or more Rankine singularities and a component that includes a weakly-singular logarithmic term which is added to satisfy the free surface boundary condition. The Green function satisfies the boundary conditions of the free surface, the bottom and the radiation waves. Therefore, the source distribution should satisfy the body boundary condition and the strength of unknown sources should be obtained to evaluate the forces and moments acting on the ship [13] .
The translating-pulsating source method based on the Green function is used in hydrodynamic calculations for cases where forward speed is simulated. Since the method is very time consuming and numerically demanding, when the forward speed is small in amplitude, an approximate free surface boundary condition can be used:
Since the low to moderate ship speeds corresponding to Fn<0.3 are considered in this paper, it was possible to base the calculations on the approximated boundary condition given by equation (5).
Added resistance and drift forces in waves
When sailing in waves, a ship generates waves associated with the forward speed through still water and waves due to vertical relative motion response to waves [19] . Due to increasing resistance, the forward speed decreases. The ship total resistance in regular waves consists of the resistance in still water (constant at a given speed) and the oscillating resistance due to motions of the ship depending on the encounter frequency. The time averaged part of the resistance increase due to motions related to waves is called the ship added resistance.
In this paper, the ship added resistance is calculated by the direct pressure integration along the hull wetted surface area using the near-field formulation implemented in the software HydroSTAR. The near-field formulation requires the evaluation of the first-order wave field around the hull and along the waterline, as well as the first-order motions caused by that field. The ship local coordinate system is in translatory motion due to hull motions, but also rotates with the angle of rotational motions. Due to the relative motion and variation of the wetted surface area, the integrated vertical hydrodynamic load causes the second order contribution to the mean added resistance [19] . In the method of pressure integration, contributions include the mean component of pressure from the time average of the fluid velocity square and the products of the first-order pressure with oscillatory variations of the hull surface due to motions.
The hydrodynamic load due to incoming waves and the second-order interaction between motion and the wave field of the first-order cause drift loads on the ship hull. The second-order wave loads are composed of sum-frequency loads, i.e. the sum of the first-order Evaluation of the added resistance and motions of a ship Ivana Martić, Nastia Degiuli coupled with sloshing using potential flow theory Ivan Ćatipović 113 wave frequencies, and difference-frequency loads, i.e. the low frequency load that oscillates at the frequency equal to the difference between the first-order wave frequencies, ij    .The low frequency loads include the constant part that is called the drift load [18] . The drift load and the added resistance as a component of the total drift load in the direction of the ship longitudinal axis can be described by the quadratic transfer function (QTF) of incoming waves and diffraction and radiation wave fields. It is therefore necessary to solve the problem of the second-order wave loads. Low frequency second-order wave loads occur at frequencies equal to the difference between two wave frequencies in all possible sea states. They are proportional to the wave amplitude products (QTF) and consist of two parts: the first one depending on the square products of the first-order wave field ( , ) 
The first part can be determined by the wave diffraction and radiation solution of the first order while the second part of the second-order wave loads slowly converges and includes gradients of velocity potential [20] . The Haskind integral allows the elimination of the unknown diffraction potential by replacing it with the radiation potential [14] : 
where 1 q F is the contribution of the first-order wave load,
F is the contribution of the second-order incoming wave load and diffraction waves, 1 2 p F is the second-order correction of the boundary condition on the hull, and 1 3 p F is the effect of forcing pressure over the free surface (second-order correction of the boundary condition on the free surface). 
In a particular case of ij   , the low frequency wave loads are reduced to constant drift loads that are contributed only by the first part of () ij F  
. The QTF then has a constant value at a given incoming wave frequency.
Influence of sloshing on ship motions and loads
Seakeeping characteristics of a ship with liquid inside the tank are based on coupled motions of the ship as a rigid body and liquid motions inside the tank. Despite the high nonlinearity of liquid motions inside the closed ship tanks, it is assumed that the most marked influence of sloshing on global ship motions is linear as long as the liquid motions inside the tank are not violent outside the range of resonant frequencies [18] . In that case, a solution in the frequency domain and the linear theory can be used. Also, at low wave frequencies only the hydrostatic effect of the liquid inside the tank is considered to be important. This effect can be taken into account by introducing negative values for the non-zero terms in the stiffness matrix. At low frequencies, the contribution of the liquid inside the tank is nearly like a solid body.
Sloshing and seakeeping analyses are considered separately. When solving the seakeeping problem, the internal tank liquid is considered as a solid body [21] . Motions and loads of the liquid inside the tank are described in the local coordinate system. After calculations, the obtained results are transferred to the global coordinate system of the ship. The boundary integral equation method based on the source formulation is used for both seakeeping and sloshing. The main differences between seakeeping and sloshing are the lack of the diffraction potential inside the tank and a modified free surface boundary condition in the latter [22] . The free surface inside the tank is always horizontal according to the linear theory; thus, a correction of the vertical coordinates is required in the pressure integration along the wetted surface of the tank walls, as shown in Figure 1 . Fig. 1 Motion of the free surface inside the tank [22] Evaluation of the added resistance and motions of a ship Ivana Martić, Nastia Degiuli coupled with sloshing using potential flow theory Ivan Ćatipović
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Dynamic and kinematic boundary conditions inside the tank are expressed as follows:
where  is the free surface elevation described with regard to the initial calm condition,  is the fluid density, g is the gravity acceleration, and A v Z is the vertical displacement of the of the water plane area centre.
When the linear potential flow theory is used in an analysis of sloshing, there is no damping inside the tank. When the wave frequency approaches the resonant frequency, if no damping is present, the inertia value increases rapidly without a limit. The introduction of the damping factor reduces the value of added inertia, i.e. it creates the energy dissipation in the boundaries of the tank.
Results and discussion
The results of ship motions and drift loads (moments) obtained using the hydrodynamic software are compared with the available experimental data for the S-175 container ship. A panel model generated using the hydrodynamic software is shown in Figure 2 . A mesh of the ship hull has 1346 flat panels up to the waterline. Coordinates and panels of the midship tank are defined in the same way as for the hull mesh. The normal vectors of the panels, used to describe the tank, are directed towards the liquid inside the tank. A mesh of the ship with an internal tank contains 2481 panels. Hydrostatic properties and natural frequencies of the S-175 container ship with and without flooded tank are shown in Table 1 . In the case of heave motions at Fn=0.25, peaks of the transfer functions of ship with flooded tank are slightly shifted towards lower frequencies. The difference between the transfer functions of the ship with increased displacement mass and the one with flooded water is negligible. The differences between the responses at resonant frequencies of the original ship and the one with the flooded tank in the two conditions are 10% for the 120°
heading, 15% for the 150° heading, and 16% for the 180°. In comparison with the experimental results from the literature, the calculated results overestimate the heave response. The differences between the curves showing the calculated data and those showing the experimental data in the area of resonant frequencies are as follows: 18% (120°); 23% (150°); 16% (180°). The hydrodynamic effect of the liquid inside the tank can be noticed in the case of pitch transfer functions at lower frequencies (higher value of λ/L ratio) for the bow and head waves. The mean differences between the curves showing the pitch response of the original ship and those showing the pitch response of the ship with flooded tank in the two conditions are as follows: 12.3% (120°); 15.7% (150°); 19.6% (180°). The differences between the curves showing the calculated data and those showing the experimental data in the area of resonant frequencies are 5% for the 120° heading and 31% for the 150° heading. However, the trend of the calculated curve for the 120° heading is different. The best approximation is obtained for the heading of 180° with a difference between the peak values of 6.3%.
At the Froude number Fn=0.275, a significant difference between transfer functions of the ship with increased displacement mass and the ship with liquid inside the tank can be seen in the case of surge and pitch at the bow and head waves at lower frequencies. At these frequencies, resonance occurs between the wave frequency ω and the tank sloshing frequency f , depending on the length of the tank in the excitation direction Lt and the height of the water level inside the tank h, as follows [25] :
The differences between the responses at resonant frequencies of the original ship and the ship with a flooded tank in the case of surge are 51.6% (120°) and 56.6% (150°). As the heading of incoming waves approaches 180°, the position of the peak shifts to a lower frequency. In the case of the 180° heading, the mean difference between the obtained data and the experimental data is 27%. However, the calculated curve of surge response follows the trend of experimental data very well.
In the case of heave motions at the Froude number Fn=0.275, peaks at the resonant response frequencies are again shifted towards lower frequencies. The differences between the responses at resonant frequencies of the original and the ship with flooded tank in the two conditions are 12.8% for the 120° heading, 16% for the 150° heading, and 17% for the 180°. In the case of the 180° heading, the mean difference between the obtained results and the experimental data is 24.7%. Despite the fact that the calculated results follow the trend of experimental data well, the heave response is overestimated and the difference between the peak values is 22.5%.
The mean differences between the curves showing the pitch response at Fn=0.275 of the original ship and those showing the pitch response of the ship with flooded tank in the two conditions are as follows: 11.8% (120°); 13.8% (150°); 19.8% (180°). The curve obtained for the 180° heading differs from the experimental data by 21.9%. However, the trend of the calculated curve is again well approximated.
In the case of roll motions, a significant influence of liquid motions can be observed at lower Froude numbers. At with a flooded tank are 45.5% (120°) and 52.3% (150°). Resonant frequencies of the ship with liquid inside the tank are shifted towards higher frequencies. The differences between the responses at resonant frequencies of the ship with a flooded tank and of the original ship are 40% for the 120° heading and 27% for the 180° heading. However, roll motions at higher speeds (Fn=0.275) are inadequately described with the increased displacement mass approach used in the studied frequency range. Due to reduced natural frequency of the ship with increased displacement mass, the response value to waves in the case of roll is significantly lower than in the other cases. On the other hand, the response values of the ship with a flooded tank are only slightly higher than those of the original ship for both considered headings. Despite the large amount of the flooded water, its centre of gravity is very close to the ship centre of gravity. Thus, the flooded water does not have a significant influence on the mass moment of inertia at that particular Froude number considering the reduced roll motions at higher speeds. The mean differences between the presented data of the original ship and those of the ship with increased displacement mass are 38.2% (120°) and 31.3% (150°).
Generally speaking, the differences between the response amplitudes of the ship with flooded tank with increased displacement mass and that with flooded water are noticeable, but not very significant except in the cases of surge at lower frequencies and roll. Since the ship with flooded tank has reduced natural frequency and an enlarged displacement mass, response amplitudes of the ship motions in particular frequency ranges decrease in comparison with the response amplitudes of the original ship. The hydrodynamic effect can be observed with some ship motions at particular headings. As the ship speed increases, the hydrostatic and hydrodynamic effects are more noticeable except in the case of roll. The obtained results and the comparison of the dimensionless coefficients of the added resistance are shown in Figures 10 and 11 . The experimental results shown in these figures refer to the original ship [26] . AW R refers to the mean added resistance.
The mean differences between the peaks of the curves showing the added resistance coefficients of the original ship and those of the ship with flooded tank in the two conditions at Fn=0.15 are as follows: 15.3% (120°); 32.4% (150°); 50% (180°). As the heading of incoming waves approaches 180°, the position of the peak shifts to a lower frequency and the differences between the results obtained for the original ship and the ship with flooded tank are larger. However, there is no significant difference between the hydrostatic and the hydrodynamic effect on the ship with a flooded tank. In comparison to the experimental data, the added resistance coefficient curves follow the same trend, but show a significant underestimation of the added resistance in waves in the case of 150° wave heading. Peaks of the obtained curves are shifted towards higher frequencies. The difference between the calculated peak data and the experimental peak data for the 120° heading is only 1%, but for the 150° heading it reaches 36.5%. Since the zeroth-order approximation of the QTF and the second-order wave loads are used, the added resistance is possibly underestimated. The mean differences between the peaks of the original ship and those of the ship with flooded tank in the two conditions at Fn=0.25 are as follows: 26.7% (120°); 12.4% (150°); 4.4% (180°). Again, an insignificant hydrodynamic effect of flooded water can be observed except in the case of the 120° heading at high frequencies. The differences between the calculated peak data and the experimental peak data are as follows: 6.7% for the 120° heading, 23.5% for the 150° heading and 17.9% for the 180° heading.
Conclusion
The linear potential flow theory used in ship motion and wave load calculations shows good results in predicting the ship response to waves and the added resistance. The presented method is used for making a preliminary evaluation of the influence of sloshing on ship motions and loads. Despite the obvious difference between the transfer functions of the original ship and those of the ship with a flooded internal tank, one can conclude that the hydrodynamic effect of the liquid motions is not significant in most cases except for the surge and roll motions. Notable differences between these transfer functions can also be seen in roll motions. The added displacement mass approach inadequately describes (significantly underestimates) the influence of flooded water on global ship motions at higher Froude numbers. Even though sloshing generally has a significant influence on roll, the flooded water in this case does not significantly affect the mass moment of inertia of the ship. On the other hand, at lower speeds, one can observe a significant influence of liquid motions on global roll motions. The added resistance of the ship with flooded tank increases at higher Froude numbers. The same can be observed in the cases of the drift forces and moments. However, the hydrodynamic effect of liquid motions inside the tank is not very significant. The calculated transfer functions obtained for the bow and head incoming waves show good agreement with the experimental data in the case of surge, but can overestimate (heave) or underestimate (pitch) the actual ship response to waves. The calculated added resistance in waves is underestimated with respect to that in the experimental data since it was approximated only with the QTF zeroth-order term. The results obtained at all considered ship speeds show the same trend with an increasing sloshing effect on the ship motions and loads at higher speeds. The determination of the impact that the liquid inside the tank will have on global motions of the ship after collision or grounding can be of great importance in predicting, for example, the towing route. Bearing in mind the simplifications that the linear potential flow theory uses, experimental validation of the obtained results may be beneficial.
